Femtosecond soft x-ray spectroscopy of solvated transition metal complexes: Deciphering the interplay of electronic and structural dynamics 
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Transition-metal based spin-crossover complexes are a fascinating class of compounds due to their ability to change the spin-state in response to external perturbations such as temperature, pressure, and light. 1 The dramatic differences in the structural, optical and magnetic properties between the low-and high-spin forms of such systems has generated interest in their potential application in a variety of molecule-based devices. In this context, it is crucial to understand the interplay of structure and valence charge distributions for the design of functional materials as well as new solvated molecular systems.
Ultrafast optical spectroscopy methods have been successfully used in the past to elucidate details associated with photo-induced spin-state conversion, [2] [3] [4] [5] [6] however, the link between these observables and changes in molecular structure and electronic configuration can often be difficult to establish. Transient core-level spectroscopy provides an attractive route to study the interplay of molecular structure and valence electronic configuration of metal centers in such systems while in the excited state.
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For example, transient X-ray absorption spectroscopy (XAS) at the Fe K-edge of low-spin Fe(II) complexes has provided detailed information on structural changes (e.g. ~0.2 Å symmetric dilation of the Fe−N bonds) subsequent to excitation of the metal-to-ligand charge transfer transition. [8] [9] [10] [11] While much insight has been obtained from structural probes, transient K-edge absorption spectroscopy of the important first-row transition metals delivers limited information about changes in electronic configuration because of the broad and relatively weak spectral features arising from formally dipole-forbidden transitions (1s → 3d). 10 In contrast, transient L-edge absorption spectroscopy in the soft X-ray range directly probes electronic changes associated with valence orbitals ( Figure 1A ) that dominate the chemistry in these systems. We recently demonstrated the first transient soft X-ray spectroscopy 12, 13 of solvated molecules which provided a detailed picture of the changes in valence electron distributions in the 3d-manifold of a low-spin iron(II) complex subsequent to charge-transfer excitation. This type of spectroscopy provides crucial information on photo-induced changes in bonding and electronic configuration 13 not accessible by other methods. 14 Our previous picosecond study only allowed to characterize the initial and final state valence charge distributions due to the sub-picosecond time scale of charge transfer-to-high spin relaxation.
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Extending L-edge spectroscopy of first-row 4 transition metals to femtosecond time resolution holds great potential for examining changes in valence charge density during the course of photo-induced chemical transformations, but it has never been demonstrated for solution-phase systems due in part to the difficulties associated with the application of soft X-ray spectroscopy to liquid samples. 15, 16 Herein we report the first example of such a measurement. Specifically, photo-induced low spin-to-high spin conversion of a six-coordinate Fe(II) compound has been studied with femtosecond soft X-rays at the Fe L-edge, providing a direct measure of changes in the valence orbital configuration concomitant with photo-induced spin-crossover.. as well as picosecond EXAFS spectroscopy. 8 The confluence of the femtosecond laser experiments indicate that the final state is formed on sub-picosecond time scales after the initial MLCT absorption; femtosecond soft X-ray spectroscopy is therefore uniquely positioned to examine this process.
Measurements were carried out at the ultrafast X-ray facility of the Advanced Light Source. Briefly, a 100 mM acetonitrile solution of [Fe(tren(py) 3 )](PF 6 ) 2 in a 2 µm thick silicon nitride cell was excited by a 560 nm laser pulse (70 fs duration, 3 mJ/cm 2 incident flux, 0.5 kHz repetition rate). Transmission changes were probed by tunable soft X-ray pulses (~10 photons/pulse/0.1% bandwidth, 200 fs duration) from a slicing source 17 at a repetition rate of 1 kHz. Differential absorption changes at the Fe L 3 -edge were recorded by creating interleaved data from the laser-excited and ground state sample. A schematic of the experimental apparatus can be found in Figure S1 of the Supporting Information. T 2 excited state is characterized by suppressed π-backbonding and attenuated σ-donation from the tren(py) 3 ligand relative to the low-spin ground state. Both effects lead to more localized N 2p and Fe 3d orbitals while keeping the integrated occupancy of the metal-based e g and t 2g orbitals roughly constant , i.e. the overall Fe 3d charge density is unchanged while the character of the metal-ligand bonding becomes more ionic in nature. Figure 3B shows a plot of both Raman signatures along with fits to our kinetic model, yielding a formation time of 150±60 fs. It can be seen that all of the data sets can be described with a common model save for slight differences in the formation time of spectral features associated with the high-spin state (vide infra). In this context it is important to note that the three types of femtosecond data we have been discussing-visible absorption, Raman, and soft x-ray absorption-probe different aspects of the electronic and geometric properties of the molecule. We therefore view the remarkable consistency across all of these measurements as strong support for the overall kinetic scheme describing the excited-state dynamics of this compound ( Figure   3C ).
Studies of other metal polypyridyl complexes in solution using ultraviolet/visible absorption and fluorescence up-conversion spectroscopy have established very similar time constants for the depopulation of the respective MLCT manifold. 3, 6 The structural changes in these similar spin-crossover systems were probed with femtosecond infrared it also changes the spectral interference in the multiscattering region of the iron K-edge XANES spectrum. 9 Both techniques are therefore sensitive to atomic structure, albeit in different ways. With regard to core-level transitions, we note that the femtosecond XANES study with hard X-rays 9 is complimentary to our femtosecond L-edge study with soft X-rays, 13 with the former probing changes in atomic structure and the latter probing changes in valence charge density. Figure 3C is along the lines of a previously proposed mechanism for ultrafast spin cross-over in this class of systems: 19 Initial formation of the MLCT state(s) occurs without substantial ligand cage dilation, followed by depopulation of the charge-transfer manifold to ligand-field state(s) with a time constant of ≤100 fs. This model explains why the electronic/spin-state conversion probed by the L-edge transients in Figure 3A could display a shorter time constant than the structural dynamics associated with ligand-cage dilation, probed via the FSRS measurements in Figure 3B : the system assumes highspin 5 T 2g character before structural relaxation sets in.
The current model of photo-initiated spin crossover with initial population of the metal-to-ligand charge-transfer manifold and subsequent formation of the high-spin state would be best tested by ultrafast L-edge spectroscopy with even higher temporal resolution. In principle, free-electron lasers (FELs) provide X-ray pulses of sufficiently short duration to allow for such measurements. The current timing systems limit the effective resolution of averaged transients to ≥200 fs which is comparable to the time resolution of our experiment. However, single-shot experiments could not only exploit the short and intense X-ray pulses provided by X-ray FELs but would serve as a temporal cross-correlation between laser and X-ray pulses. We note that solvation dynamics on a sub-picosecond time scale should influence the dynamics that underlie the transients in Figure 3A . This is particularly true while the systems is in the charge-transfer manifold where fluctuating electric forces are more effective in perturbing the excited valence charge distribution which is delocalized across the exposed ligand structure. 22 We expect the solvent influence on the ligand-field states to be much weaker because they are metal-localized and thus sterically and dielectrically shielded by the ligand framework. 
